ABSTRACT Rock-crawlers (Grylloblattodea: Grylloblattidae) in northeastern Asia are low-vagility insects that are restricted to cool temperate forests and mountainous regions. Morphologically distinguishable species are similar ecologically and show narrow endemism and a patchy distribution. As a result, grylloblattids are hypothesized to be relict species that have persisted in situ over long periods of climatic and geological change (Storozhenko and Oliger 1984) . We investigate whether the diversiÞcation pattern of Asian grylloblattids reßects long-term persistence and divergence due to geological events, or more recent diversiÞcation in response to climatic change. Using multilocus genetic data, we examine the phylogenetic relationship to other Asian Grylloblattidae and the geographic pattern of diversiÞcation of Korean rock-crawlers, Galloisiana Caudell & King (1924) and Namkungia Storozhenko & Park (2002) . Our analysis reveals a monophyletic grouping of Korean species, with multiple cryptic lineages and restricted geographical distributions. Based on genetic data, Korean species are closely related to Japanese Galloisiana. Using a Bayesian relaxed clock model calibrated with a mitochondrial substitution rate, the age of the most recent common ancestor of the KoreanÐJapanese lineage is estimated within the Miocene epoch. This provides evidence for a diversiÞcation event closely tied to the geological events separating the Japanese archipelago from the Korean peninsula.
The geographic region encompassing the Korean peninsula, Japan, and eastern Russia underwent dramatic geological change starting in the Miocene epoch, with plate tectonic activity leading to the formation and spreading of oceanic basins now isolating Japan, as well as extensive volcanic activity and mountain building within Japan (Kaizuka 1980 , Tada 1994 , Maruyama et al. 1997 , Taira 2001 , Lee 2008 . At the end of the Miocene and throughout the Pliocene and Pleistocene epochs, repeated cycles of global climate change led to transitions from warm, monsoonal conditions to cold, dry glacial climates throughout northeastern Asia (Horie 1976 , Ikehara and Oshima 2009 , which led to an extensive build-up of ice-created land-bridges between Japan and continental Asia during sea-level lowstands (Amano 2004 , Irizuki et al. 2007 , Peltier 1994 , Yamada 2005 . Although geological events presented opportunities for isolation and evolutionary diversiÞcation, climatic change provided an opportunity for large-scale geographical range shifts of many plants and animals. Fossil evidence suggests that long-distance dispersal occurred between Japan and mainland Asia during glacial periods (Miyoshi et al. 1999 , Gotanda et al. 2002 , Chung 2006 , Ogino and Otsuka 2008 , and biogeographic patterns in northeastern Asia suggest that climate change, as opposed to isolating events, played a prominent role in the evolutionary history of species and the formation of biological communities (Millien-Parra and Jaeger 1999, Pietsch et al. 2003) .
Previous molecular studies of plants found in Korea and Japan support this pattern, with several plant taxa showing evidence of limited genetic divergence (Chung and Chung 2000a,b; Aoki et al. 2004; Okaura et al. 2007) , suggesting that gene ßow occurred during the Pleistocene epoch. Other molecular studies have found evidence of genetic subdivision between populations, but genetic divergence was between clades inhabiting northern Japan and southern Japan and Korea. These include taxa as diverse as plants (Senni et al. 2005 , Ikeda et al. 2006 , termites (Park et al. 2006) , and rodents (Iwasa et al. 2002 , Suzuki et al. 2004 , Terashima et al. 2006 . Only two studies provide evidence of deep genetic divergence between Korea and Japan: one study focusing on ßightless carabid beetles (Tominaga et al. 2000) and the other study on the chrysomelid beetle Plateumaris shirahatai Kimoto (Sota and Hayashi 2007) . The general lack of genetic differences between Korean and Japanese popula-tions in most studies may be the result of focusing on taxa that disperse readily over long distances or at least are capable of occasional long distance gene ßow (Aizawa et al. 2007 ). Indeed, a study of tephritid fruit ßies (Mun et al. 2003) revealed strong evidence of recent long-distance gene ßow into Japan, despite deep genetic divergence between major mitochondrial clades of Korea and Japan.
Here, we examined the biogeographic history of a poorly dispersing insect group with an ecological preference for cool climatic environments. Poorly dispersing organisms should have a reduced capacity to track environmental changes and, as a consequence, are likely to reside in climatic refugia during unfavorable climatic periods. As a result, we hypothesize that the biogeography of a cold-tolerant species with limited dispersal will exhibit limited movement during environmental change of the PlioceneÐPleistocene glacial cycles and a high degree of isolation between Japan and Korea. Our study extends previous research (Jarvis and Whiting 2006, Schoville and Roderick 2010) on the genetic relationships of grylloblattids (Grylloblattodea: Grylloblattidae) by sampling extremely rare species from Korea.
Grylloblattids are wingless insects that are restricted to cool, moist environments in western North American and northeastern Asia (Asahina 1959 , Gurney 1961 , Namkung 1982 . Living members of the insect order Grylloblattodea have long been of interest to entomologists due to their unusual combination of morphological features, lack of close living relatives, and rarity (Walker 1937, Storozhenko and Oliger 1984) . Five genera comprise a single family (Grylloblattidae) and 28 species have been described. Previous genetic work demonstrated that North American Grylloblatta Walker (1914) is monophyletic and sister to Asian Grylloblattina Bey-Bienko (1951) from Russia, with the Japanese Galloisiana Caudell and King (1924) lineage sister to these two groups. The center and origin of grylloblattid diversity is in northeastern Asia (Jarvis and Whiting 2006) , where four of the Þve genera and 17 species are found. The distribution of Asian Grylloblattidae ("rock-crawlers") extends from central Siberia to Japan, terminating near 33Њ N. Throughout their distribution in northeastern Asia, rock-crawlers seem to have similar temperature preferences and exhibit changes in ecology to use cool microenvironments in warmer regions. Rock-crawler species found at southern-most latitudes in Japan and Korea show a range of morphological changes consistent with ecological shifts toward fossorial and cavernicolous life styles, including eye reduction or loss, pigmentation loss, and limb reduction (Gurney 1953 , Namkung 1974a . It is unlikely that each lineage independently specialized in cool temperature microhabitats. Hence, a conserved cool-temperature preference in conjunction with the highly fragmented, yet widespread distribution of rock-crawlers within northeastern Asia presents two testable hypotheses that grylloblattids either 1) diversiÞed during early (Pre-Pliocene) geological events in northeastern Asia as a result of vicariance, and as a result exhibit a high degree of endemism and relictualism; or 2) progressively dispersed into new habitats during cycles of climate change of the Pliocene-Pleistocene epochs. Using a recently developed Bayesian method to estimate species trees (Heled and Drummond 2010) , we reconstructed the phylogenetic relationships of Korean, Japanese, and Russian grylloblattid species by using three nuclear and one mitochondrial locus. We asked whether species found in Korea, Japan, and Russia form independent lineages, and using a Bayesian relaxed clock model, we estimated the age of Asian rock-crawler lineages. To conÞrm these results, we also estimate a phylogeny by using a maximum likelihood rapid bootstrap analysis of the concatenated data with Mantophasmatodea as an out-group (Jarvis and Whiting 2006) . Based on identical, well-supported topological reconstructions, we propose that Asian rock-crawlers have had limited dispersal during glacial episodes of the Pliocene-Pleistocene epochs and that, instead, major clades diverged during geological events of the Miocene epoch.
Materials and Methods
Species Sampling, Molecular Techniques, and Data Preparation. Efforts to sample rock-crawlers in South Korea, species in the genera Galloisiana and Namkungia Storozhenko and Park (2002) , have been difÞcult because populations are highly fragmented with small local populations (Namkung 1982) . Genetic samples were collected from three cave and two mountain sites during surveys in 2005Ð2008 and are in the research collection of B.-W.K. (Table 1 ; Fig. 1 ). When possible, individuals were assigned to species based on morphological criteria (Namkung 1974a,b,; Lee 2006, 2007) , but juvenile individuals from three sites have not been assigned to previously described species. All samples were stored in 70% ethanol before DNA extraction. Mitochondrial and nuclear genetic data were obtained from three Korean grylloblattids. For an additional three grylloblattids, only mitochondrial DNA was obtained. Several additional samples were degraded and did not produce reliable DNA sequence data. Jarvis and Whiting (2006) previously published genetic data (Table 1 lists GenBank accessions) from Japanese Galloisiana, Russian Grylloblattina, and North American Grylloblatta. They also provide out-group sequences for Tyrannophasma gladiator Zompro (Mantophasmatodea).
Genomic DNA was extracted from one leg of each individual using a DNeasy blood and tissue kit (QIA-GEN, Valencia, CA) with reduced elution volumes. A region of Ϸ790 bp of the mitochondrial cytochrome oxidase subunit II (COII) gene was ampliÞed and sequenced in both directions with the primers COII-F-leucine, COII-2a, and COII-R-lysine (Svenson and Whiting 2004) . Three nuclear genes were ampliÞed, including histone three (H3) and the 18S and 28S ribosomal genes. A 380-bp region of the H3 gene was ampliÞed and sequenced in both directions using the primers HexA-F and HexA-R (Svenson and Whiting 2004) , whereas 2,100 bp of 18S and 2,450 bp of 28S were ampliÞed using several overlapping primer combinations (Whiting 2002) . Polymerase chain reaction (PCR) products were sequenced in both directions on an ABI 3730 capillary sequencer using Big Dye version 3.1 chemistry (Applied Biosystems, Foster City, CA).
DNA sequences were edited manually using the program SEQUENCHER version 4.8 (Gene Codes Corporation, Ann Arbor, MI). Manual alignments were made for COII (691 bp), H3 (327 bp), and 18S (2,081 bp) in the program MACLADE version 4.08 (Maddison and Maddison 2008) . The 28S gene (2,608 bp) was aligned using MUSCLE (Edgar 2004) followed by GENEIOUS pairwise alignment ). Polymorphic sites at nuclear genes were treated as base ambiguities and gapped sites, evident in 18S (29 sites) and 28S (166 sites), were excluded from phylogenetic analyses.
Phylogenetic Analysis and Timing of Lineage Diversification. Phylogenetic relationships and the time to most recent common ancestor (T MRCA ) of phylogenetic groupings can be estimated using genetic data. Recent methodological advances have enabled species trees to be estimated from multiple gene trees (Heled and Drummond 2010) , overcoming the problem of combining independently evolving gene regions in a phylogenetic analysis and producing misleading topologies from heterogeneous phylogenetic signals (Degnan and Rosenberg 2006) . Species tree methods do not require an out-group to polarize the phylogeny, because the root of each gene tree can be estimated and combined based on the multi-species coalescent. We employed the *BEAST method, implemented in the software program BEAST version 1.5.4 (Drummond and Rambaut 2007) , to estimate a Bayesian species tree for the Asian grylloblattids by using nuclear and mitochondrial data (n ϭ 10). We avoid using a mantophasmid out-group in this analysis to avoid introducing excessive rate variation and longbranch issues in the phylogenetic reconstruction. In the multilocus species tree analysis, branch lengths are estimated taking into account the variability of individual gene histories. As a result, inferred species tree branch lengths should provide a more accurate representation of time to common ancestry than a singlegene estimate provides. We estimate the T MRCA of Grylloblattidae lineages in Asia by using a molecular substitution rate of mitochondrial DNA to convert these branch lengths (in coalescent units) into real time. To address the uncertainty in applying mutation rate estimates, we employed a relaxed clock model in BEAST (Drummond et al. 2006 ). Under this model, substitution rates are allowed to vary within a lineage and across lineages within the data set under the constraint of a log-normal prior distribution. Because Quek et al. 2004 ) and a fast substitution rate (2.3%/MY; Brower 1994), we evaluated both rates in our analysis and report median estimates of T MRCA and 95% conÞdence intervals (CI) for major grylloblattid clades. The Þt of different models of molecular evolution were estimated for each gene by using the software MRMODELTEST2 version 2.3 (Nylander 2004) and Akaike Information Criteria (Akaike 1973) were used to select the best Þtting model for phylogenetic analysis. The best Þtting models include the generalized time reversible model with invariant sites and gamma rate distribution (GTRϩIϩG) for COII, the Hasegawa, Kishino and Yano model with invariant sites (HKYϩI) for H3, the generalized time reversible model with invariant sites (GTRϩI) for 18S, and the generalized time reversible model with gamma rate distribution (GTRϩG) for 28S. A preliminary analysis was conducted to evaluate the performance of different Bayesian prior assumptions and the marginal likelihood of each run was used to calculate Bayes factors to determine the best performing model (Drummond and Rambaut 2007 ). The Yule model and birth-death model were evaluated for the species tree prior distributions, and the constant population size model and linear change with constant root population size model were evaluated for the population size prior distributions. Each analysis was run for 10 million Markov Chain Monte Carlo (MCMC) steps and sampled every 1,000 steps, and Bayes factors were calculated based on 1000 bootstrap replicates. Based on these results (Table 2) , we selected the Yule model and the constant population size model for the Þnal analysis, with relaxed clock models for each gene. A prior distribution was applied to the substitution rate of the COII data partition by assigning a Þxed mean rate (the variance of this rate among lineages was free to vary under a uniform prior distribution). Two independent analyses were run with each Þxed substitution rate under the following conditions: 250 million steps with trees sampled every 25,000 steps. After the Þrst 1,000 samples were discarded as burn-in samples, the performance of the MCMC simulations was assessed for convergence and the two independent runs were combined and analyzed using TRACER version 1.5 (Rambaut and Drummond 2009) . A maximum clade credibility tree, calculated from the product of the posterior clade probabilities, was used to estimate the species tree topology, as well as topologies for each nuclear gene tree.
To provide an alternative phylogenetic reconstruction, individual genes were concatenated into a single alignment with partitions for each gene and a maximum-likelihood tree was estimated using a rapid bootstrap heuristic in RAxML-HPC2 version 7.2.5 (Stamatakis et al. 2008). A single run was conducted with 10,000 bootstrap replicates followed by a full maximum likelihood search. The GTRϩG model was used for each gene partition and T. gladiator designated as the out-group.
For a larger set of Korean grylloblattids (n ϭ 17), mitochondrial COII data were available and were used to estimate a mitochondrial gene tree using MRBAYES version 3.1.2 (Ronquist and Huelsenbeck 2003) . The analysis was run with the following conditions: data partitioned by codon, two separate runs of 10 million steps each, eight chains, and genealogies sampled every 1,000 steps. Performance of the Monte Carlo Markov Chain simulations was assessed for convergence using TRACER. The Þrst 2,500 samples were discarded as burn-in samples and a 50% majority rule consensus tree of the two runs was produced with posterior probability values equal to bipartition frequencies.
Results
Bayesian analysis of the species tree from three nuclear and one mitochondrial gene results in a wellsupported phylogeny with three major Asian rockcrawler lineages and the North American ice-crawler lineage ( Fig. 2A) . Russian Grylloblattina species form one clade, sister to North American Grylloblatta. Galloisiana from Japan and Korea form a second clade, with species groups in both regions representing separate monophyletic lineages. A high level of genetic divergence is evident among all species, even within each clade. Using a mantophasmid out-group, maximum likelihood reconstruction of the concatenated data provides an identical, well-supported phylogeny (Fig. 2B) .
Bayesian analysis of mitochondrial data also provides a well-supported phylogeny and is consistent with the multi-locus analysis (Fig. 3) . Additional mitochondrial data from samples of Namkungia biryongensis (Namkung, 1974 ) Namkung (1986 and Namkungia sp. are nested within Korean Galloisiana, rendering both genera paraphyletic. Mitochondrial data indicate that grylloblattids within South Korea exhibit deep genetic divergence over a small spatial scale, possessing unique genetic lineages at almost every site (with the exception of Mt. Odae and Maebong Peak, separated by Ͻ12 km). Individual gene trees for the nuclear data (Fig. 4) match the estimated multilocus phylogeny, but posterior probability support is weaker at some nodes.
Estimates of time to most recent common ancestor by using a calibrated relaxed clock ( 
Discussion
Phylogenetics and Biogeography of Asian Grylloblattidae. Although many species distributed in northeastern Asia exhibit shallow population genetic divergence between Korea and Japan (Chung and Chung 2000a,b; Aoki et al. 2004; Okaura et al. 2007 ), grylloblattids show a contrasting pattern of deep genetic divergence (mitochondrial uncorrected pairwise sequence divergence ranging from 14.4 to 18.3%). Mitochondrial differences among Korean grylloblattid species (ranging from 3.9 to 10.8% uncorrected pairwise sequence divergence) provides evidence of deep genetic divergence over very small spatial scales, suggesting that Asian grylloblattids persist in isolation for long periods of time. Similarly deep genetic divergence and Þne spatial genetic structure is known for North American Grylloblatta species (Jarvis and Whiting 2006, Schoville and Roderick 2010) . The pronounced genetic structure exhibited by grylloblattids is probably a result of the poor dispersal ability and small, spatially fragmented populations that characterize species in the group.
Based on genetic data from one mitochondrial gene and three nuclear genes, our species tree is wellsupported and identiÞes four monophyletic geographic lineages: North American, Korean, Japanese, and Russian. North American taxa are more closely related to Russian taxa, and Korean taxa are most March 2011 SCHOVILLE AND KIM: PHYLOGENETIC RELATIONSHIPS OF KOREAN GRYLLOBLATTIDAEclosely related to Japanese taxa. This evolutionary pattern also is strongly supported by a maximum likelihood analysis of the concatenated data with a mantophasmid out-group. Although this contradicts the recent phylogenetic hypothesis proposed by Bai et al. (2010) , which proposes that Galloisiana is more closely related to Grylloblatta and Namkungia is more closely related to Grylloblattella and then to Grylloblattina, their analysis is based only on morphological data from the pronotum shape of grylloblattids. Unfortunately, our genetic sampling does not include Grylloblattella from northern China or central Russia (Bai et al. 2010, Storozhenko and Oliger 1984) , which is extremely rare in collections. Due to the rich fossil We set out to determine whether rock-crawlers within northeastern Asia either 1) diversiÞed during early (Pre-Pliocene) geological events in northeastern Asia, or 2) progressively dispersed into new habitats during cycles of climate change in the PlioceneÐ Pleistocene epochs. Between 25 and 15 MYA, the proto-Japanese islands began to rift from the Korean peninsula as the Shikoku Basin spread and the Sea of Japan was formed (Tada 1994 , Taira 2001 . After this physical separation, glacialÐinterglacial climate cycles of the Pliocene (5.33Ð2.58 MYA) and Pleistocene (2.58 Ð 0.0117 MYA) epochs (Lisiecki and Raymo 2007) led to periods of low sea level that created land bridges connecting the Japanese islands to Korea and to Russia (Amano 2004 , Yamada et al. 2005 , Irizuki et al. 2007 . Although lowered sea level provided opportunities for long-distance dispersal, our estimates of divergence time suggest that Asian rock-crawler clades were already distributed through northeastern Asia. Estimates of time to most recent common ancestor in the combined Korean-Japanese clade date to the Miocene (6.53Ð23.44 MYA under the slow clock model, or 5.58 Ð16.42 MYA under the fast clock model). Fossils of Grylloblattidae are not available to independently estimate the calibration of these mitochondrial substitution rates (Grimaldi and Engel 2005) , but fossil-based estimates of ordinal splits in the Neoptera are consistent with an average mitochondrial substitution rate of 1.5%/MY (Gaunt and Miles 2002) . Although the unusual lifestyle of grylloblattids might lead to unexpected molecular substitution rates, studies of other hexapods suggest that molecular substitution rates do not necessarily slow down as a result of cold-adaptation (Held 2001) . Other taxa distributed across Korea and Japan continue to exchange genes and show little genetic differentiation (Chung and Chung 2000a,b; Aoki et al. 2004; Okaura et al. 2007) or have evidence of occasional long-distance gene ßow (Mun et al. 2003) . One species with extensive genetic structure, the leaf beetle P. shirahatai (Sota and Hayashi 2007 ) is estimated to have diverged from Korean populations Ϸ1 MYA. Pleistocene divergence is generally invoked to explain the observed endemism of ßora and fauna in Japan, based largely on the fossil record of mammals (Dobson and Kawamura 1998) . A few species of ßightless carabid beetles show patterns similar to grylloblattids in having a long history of isolation in Japan dating to the Pliocene (Tominaga et al. 2000) , but it is likely that many other dispersal limited taxa will have similar vicariant origins.
Implications for Taxonomy and Conservation. Several genetically divergent grylloblattid lineages are identiÞed in South Korea that may represent undescribed species. Currently, adult material is lacking for formal morphological analysis, but samples from Mosan-gul (grouped with Simbuk-gul) and Saemguk-gul exhibit a similar level of genetic divergence as currently recognized morphological species (Jarvis and Whiting 2006) . Additional work on Grylloblattidae in South Korea is likely to increase the number of species in the Korean clade substantially. The genus Namkungia, based on mitochondrial data, is itself paraphyletic and currently renders the genus Galloisiana paraphyletic. This result needs to be substantiated with additional data from nuclear genes, but indicates that a revision of taxonomic nomenclature may be warranted for the Korean Grylloblattidae. The species Galloisiana biryongensis (Namkung 1974a ) was transferred to the new genus Namkungia (Storozhenko and Park 2002 ) based on several morphological features, including a median projection from the male supra- March 2011 SCHOVILLE AND KIM: PHYLOGENETIC RELATIONSHIPS OF KOREAN GRYLLOBLATTIDAEanal plate, 12 cercomeres and a cervical sclerite with 9 Ð10 macrotrichiae on the external margin. A second species, Galloisiana magnus Namkung was later transferred to Namkungia based on the same features (Kim and Lee 2006) . Other grylloblattid species in China, North Korea, and South Korea are currently assigned to the genus Galloisiana. Recent morphological assessments of these species do not provide a clear basis Fig. 4 . Bayesian maximum clade credibility trees of independent nuclear genes A) histone 3, B) 18S, and C) 28S. Posterior probability support values are shown at the nodes, and the scale bar of branch lengths is proportional to a slow mitochondrial substitution rate of 1.5%/MY. for splitting Japanese and Korean Galloisiana into separate genera (Kim and Lee 2007) .
Unique genetic lineages are represented at most cave sites sampled to date in South Korea. Rock-crawlers are known from many other caves in the Korean peninsula, some of which are highly impacted by human activity (Namkung 1982) and have not been surveyed for Ͼ30 yr. Some of these caves are now protected by local or national governance, but still require population monitoring to assess the viability of grylloblattid populations. Although Korean grylloblattids are known from a few forest sites, it is unlikely they will be found in lowland sites where Korean forests were extensively deforested (Ϸ70%) in the early 20th century (Tak et al. 2007 ). We are planning future surveys of known cave sites and protected high montane forest sites to provide a conservation assessment of Korean grylloblattids. 
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